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SUMMARY 
This repor t presents the f i r s t attempt a t a nat ional 
assessment of an Environmental Quality Standard (EQS) for 
dissolved oxygen (DO) in e s tua r i e s with the object ive of allowing 
the passage of migratory salmonids. 
Under the Control of Pol lut ion Act, Water Author i t ies and 
River Pur i f i ca t ion Boards have powers to control discharges to 
e s t u a r i e s and need to define an EQS for the ca lcu la t ion of 
consent condi t ions . The object of any such standards i s to 
permit the existence of good qua l i t y salmonid f i s h e r i e s with only 
very occasional r e s t r i c t i o n s to the passage of f i sh . 
The repor t gives brief summaries of the DO regime in 
e s t u a r i e s , the oxygen requirements of salmonids, and of t e n t a t i v e 
standards proposed by various a u t h o r i t i e s . These standards are 
then compared with DO and f ishery data from UK e s t u a r i e s , 
provided by the appropr ia te regulatory a u t h o r i t i e s . I t concludes 
t h a t a minimum annual lower 95-percen t i l e of 5.0 mg/1 wi l l meet 
the object ive in most e s t u a r i e s , and t h a t a lower value of 3.0 
mg/1 wi l l permit the establishment of a more r e s t r i c t e d f i shery . 
However, more s t r i ngen t standards may be needed in e s t u a r i e s 
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1. INTRODUCTION 
Under t h e Control of P o l l u t i o n Act 1974 (Pa r t I I ) , t he Water 
A u t h o r i t i e s (WAs) in England and Wales and River P u r i f i c a t i o n 
Boards (RPBs) in Scot land w i l l have t h e i r powers extended t o 
encompass c o n t r o l of d i s c h a r g e s t o a l l e s t u a r i e s and c o a s t a l 
wa t e r s w i t h i n t h e i r r e s p e c t i v e a r e a s . 
C a l c u l a t i o n of consent c o n d i t i o n s for d i s c h a r g e s depends on a 
d e f i n i t i o n of Environmental Qua l i t y Ob jec t ives (EQOs) of t h e 
r e c e i v i n g w a t e r s . The EQO approach then invo lves t h e s e t t i n g of 
Environmental Qua l i t y Standards (EQSs) for the c r i t i c a l 
w a t e r - q u a l i t y pa ramete r s in a p a r t i c u l a r water body so t h a t i t 
f u l f i l s t h e de f ined o b j e c t i v e ( s ) . A commonly app l i ed EQO for 
e s t u a r i e s i s t h a t recommended in t h e Third Report of t h e Royal 
Commission on Environmental P o l l u t i o n (197 2) (1) , namely " the 
a b i l i t y t o a l low t h e passage of migra tory f i s h a t a l l s t a t e s of 
t h e t i d e " . In r e s p e c t of t h i s o b j e c t i v e t h e most common l i m i t i n g 
c o n s t r a i n t on t h e water q u a l i t y of e s t u a r i e s i s t h e l e v e l of 
d i s s o l v e d oxygen (DO) in t h e wa te r . In t h e UK i t i s t h e 
m i g r a t i o n of t h e salmonid s p e c i e s ( A t l a n t i c salmon (Salmo s a l a r ) 
and sea t r o u t (Salmo t r u t t a ) ) t h a t i s most s u s c e p t i b l e t o 
d i s r u p t i o n by low e s t u a r i n e DO. 
The i n i t i a l s e l e c t i o n of an EQS u s u a l l y e n t a i l s c o n s i d e r a -
t i o n of t o x i c i t y da ta and a c t u a l c o n c e n t r a t i o n s found in t h e 
environment . The r e s u l t i n g t e n t a t i v e p r o p o s a l s a r e then r e -
eva lua t ed in t h e l i g h t of e x p e r i e n c e . I t i s d i f f i c u l t t o de f ine 
an e a s i l y a p p l i e d s i n g l e va lue EQS for d i s s o l v e d oxygen for a l l 
e s t u a r i e s because of t h e complexity of the DO d i s t r i b u t i o n s found 
and because of t h e d i f f i c u l t y in o b t a i n i n g r e a l i s t i c exper imenta l 
d a t a . N e v e r t h e l e s s some v a l u e s have a l r eady been proposed. 
This r e p o r t f i r s t g ives a b r i e f background summary of t h e DO 
regime of e s t u a r i e s and of salmonid oxygen r equ i r emen t s , as wel l 
a s of some proposed s t a n d a r d s . These s t a n d a r d s a r e then compared 
wi th f i e l d da ta provided by the r e g u l a t o r y a u t h o r i t i e s . The 
r e p o r t h i g h l i g h t s some of t h e problems in de f in ing an EQS t o 
p r o t e c t m ig ra t i ng salmonids in e s t u a r i e s and p r o v i d e s a wider 
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d a t a b a s e for r e - e v a l u a t i o n of e x i s t i n g proposed s t a n d a r d s than 
would normally be a v a i l a b l e t o i n d i v i d u a l Water A u t h o r i t i e s and 
River P u r i f i c a t i o n Boards . 
2 . DISSOLVED OXYGEN IN ESTUARIES 
Large v a r i a t i o n in DO throughout an e s t u a r y can be seen on a 
temporal and s p a t i a l b a s i s . Concen t r a t ions can range from ze ro 
t o over 15 mg/1 . In i n d u s t r i a l i s e d e s t u a r i e s r e c e i v i n g e f f l u e n t s 
wi th high biochemical oxygen demand, such as sewage, t he 
v a r i a t i o n i s even more complex. 
In such e s t u a r i e s , t h e h i g h e s t DO c o n c e n t r a t i o n s occur a t t h e 
seaward and f r e swa te r l i m i t s of t he e s tua ry (p rov id ing of course 
t h a t t h e inf lowing r i v e r i s oxygena ted ) . When t h e DO l e v e l a t a 
p o i n t i s p l o t t e d a g a i n s t i t s p o s i t i o n along t h e a x i s of t he 
e s t u a r y , t h e d i s t r i b u t i o n produced i s known as an "oxygen-sag" 
c u r v e . Such curves g ive a p r o f i l e of t he DO c o n c e n t r a t i o n along 
t h e e s t u a r y a t a g iven t ime . 
Due t o t i d a l movement, t h e DO a t any one po in t i s seldom 
c o n s t a n t over a t i d a l c y c l e . Sag curves p l o t t e d a t low and high 
water w i l l show the same genera l d i s t r i b u t i o n , but t h e p o s i t i o n 
of t h e curve w i l l be d i s p l a c e d by the d i s t a n c e of the t i d a l 
e x c u r s i o n . This in t u r n i s dependent on t h e ampli tude of the 
t i d e , being g e n e r a l l y g r e a t e r for spr ing t i d e s than for neaps . 
Superimposed on t h i s v a r i a t i o n a r e the e f f e c t s of f reshwater 
flow and t e m p e r a t u r e . At low f lows, f l u s h i n g i s reduced and 
consequen t ly t h e c o n c e n t r a t i o n of p o l l u t a n t s in t h e e s tua ry 
i n c r e a s e s and t h e DO c o n c e n t r a t i o n f a l l s . The minimum 
c o n c e n t r a t i o n w i l l a l s o occur nearer t h e head of the e s t u a r y . 
Temperature a f f e c t s DO in two ways. At h igher t empera tu res t h e 
s o l u b i l i t y of oxygen i s reduced, and b i o l o g i c a l a c t i v i t y 
( e s p e c i a l l y b a c t e r i a l and phytop lank ton growth) i n c r e a s e s . These 
two e f f e c t s normally r e s u l t in a lower DO c o n c e n t r a t i o n . Minimum 
DO c o n c e n t r a t i o n s , u s u a l l y occur when t e m p e r a t u r e s a r e h ighes t ' 
and f lows lowes t - between l a t e sp r ing and e a r l y autumn. 
In a d d i t i o n , DO may vary both l a t e r a l l y and v e r t i c a l l y in a 
c r o s s - s e c t i o n . Some e s t u a r i e s a r e s t r a t i f i e d and in t h e s e 
s i t u a t i o n s oxygenated water may over lay an a n a e r o b i c l a y e r , or 
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v i c e v e r s a . An example from t h e Clyde e s t u a r y i s shown in F igure 
1 . 
A f u r t h e r compl ica t ion in t h e measurement of DO i s t h e 
v a r i a t i o n in t h e s o l u b i l i t y of oxygen with s a l i n i t y (see Appendix 
A) . Oxygen i s about 20% l e s s s o l u b l e in sea -wa te r than in f r e s h -
wa te r , and t h e r e f o r e u n i t s such as "percen tage a i r s a t u r a t i o n " (% 
ASV sa t ) can imply very d i f f e r e n t a b s o l u t e c o n c e n t r a t i o n s 
(measured in mg/1) and must be used with c a r e . 
3 . DISSOLVED OXYGEN REQUIREMENTS OF MIGRATORY SALMONIDS 
Salmon breed in f r e s h - w a t e r s t reams and r i v e r s ( 2 ) . After 
ha t ch ing t h e f ry remain in f r e s h - w a t e r for between 2 and 4 yea r s 
be fo re developing i n t o smol ts which migra te down r i v e r through 
t h e e s tua ry t o t h e sea , where they mature . 
Although some a d u l t f i s h r e t u r n in t h e i r f i r s t year (known as 
g r i l s e ) , most only r e t u r n a f t e r a f u r t h e r 2 t o 4 y e a r s . After 
b reed ing many a d u l t s d i e , but some r e p e a t t h e migra tory cyc le 
( spent f i s h being c a l l e d k e l t s ) . 
The seaward smolt m i g r a t i o n u sua l l y occurs between Apr i l and 
June and, a l though a d u l t s can be found r e t u r n i n g throughout t h e 
year, most r i v e r s have s p e c i f i c p e r i o d s of i n t e n s e f i s h runs . Sea 
t r o u t have a s i m i l a r l i f e - c y c l e bu t , un l i ke salmon, a d u l t f i s h 
normally s t ay in c o a s t a l w a t e r s . 
To ma in ta in a salmon f i s h e r y in a r i v e r , i t s e s t u a r y must be 
capab le of p e r m i t t i n g t h e passage of salmonids a t l e a s t dur ing 
t h e c r i t i c a l p e r i o d s of m i g r a t i o n . The oxygen requ i rements of 
f i s h in f r e s h - w a t e r have been e x t e n s i v e l y reviewed in a r e p o r t by 
European Inland F i s h e r i e s Advisory Commission (EIFAC) (3) , who 
a l s o cons idered salmonid r equ i remen t s i n e s t u a r i e s . Most of the 
in fo rmat ion in t h e fo l lowing s e c t i o n s i s de r ived from t h e i r 
r e p o r t . 
3 . 1 . LABORATORY STUDIES 
The EIFAC review of salmonid DO requ i rements i n f reshwate r 
showed t h a t DO consumption v a r i e d from s p e c i e s t o s p e c i e s , 
between l i f e - s t a g e s and with the a c t i v i t y t h a t t h e f i s h were 
engaged i n , such as swimming, feeding e t c . I t sugges t s t h a t 
c o n c e n t r a t i o n s below 0 .95-3 .4 mg/1 a re l e t h a l for salmonids and 
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t h a t the young are most s e n s i t i v e . Active avoidance of low DO 
was noted in an experiment with chinook salmon. 
There are very few equivalent data ava i lab le on the oxygen 
requirements of salmonids in e s t u a r i e s . However, Alabaster e t 
a l . 1979(4) did carry out a study on the effect of low DO 
concentrat ions on smolts in freshwater, and in 50% and 80% 
sea-water . The 3-day LC50 values for DO under these condit ions 
were found to be 3.0 mg/l in fresh-water and 2.5 mg/l in 50% and 
80% sea-water. I t was a lso shown t h a t f ish kept a t r e l a t i v e l y 
low concentrat ions of DO pr ior to the t e s t were able to 
acc l imat i se to these condit ions resu l t ing in lower LC50 values . 
Further work(5) showed t h a t a t low DO leve l s other 
p o l l u t a n t s , namely ammonia, could become more toxic to salmonids 
than a t normal l eve l s of DO. When the DO was close to 100% 
sa tu r a t i on the 2 4-hr LC50 values of unionised ammonia to salmon 
smolts in freshwater and 30% sea-water were 0.15 and 0.3 0 mg/l 
r espec t ive ly . However, when the DO under these condit ions were 
reduced to 3.5 and 3.1 mg/l, the 24-hr LC50 values for unionised 
ammonia were 0.0 9 and 0.12 mg/l respec t ive ly . Evidence was also 
presented showing t h a t these values increased i f smolts were 
acclimated to high ammonia concentrat ions before t e s t i n g . 
Since avoidance and accl imation to low oxygen concentrat ions 
reduce the detrimental e f fec ts experienced by f i sh , the 
a v a i l a b i l i t y of a l t e r n a t i v e routes and t h e i r speed of migration 
through an estuary could affect the v i a b i l i t y of a f i shery . 
3 .2 . FIELD STUDIES 
Due to the d i f f i c u l t i e s experienced in determining prec ise 
requirements for es tuar ine DO in migrant, salmonids in the 
laboratory and the problems of applying r e s u l t s to f i e ld 
condi t ions , some workers have attempted more d i rec t f i e ld 
i nves t i ga t i ons . 
EIFAC repor t tha t migration of chinook salmon through a f ish 
pass was inh ib i t ed a t DO concentrat ions below 5 mg/l, though some 
migration did occur even a t 3 mg/l. Similar ly, a study of catch 
data from the Tyne estuary (provided by the Northumbrian Water 
Authority) showed t h a t salmon passed upstream when the DO was 
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between 4 .5 and 6.8 mg/1. However, in t h i s case no minimum va lue 
could be de te rmined . 
Recent ly , exper iments have a t tempted t o t r a c k t h e movement of 
salmon and sea t r o u t in r e l a t i o n t o DO c o n c e n t r a t i o n in an 
e s t u a r y . This method invo lves t h e use of s o n i c - t a g g i n g 
t echn iques (6 ) . So f a r , however, i n s u f f i c i e n t da ta a r e a v a i l a b l e 
from these exper iments for use in de termining an EQS for 
d i s s o l v e d oxygen. Despi te t h i s a usefu l i n s i g h t i n t o t h e 
behaviour of migra to ry salmonids upon encounte r ing poor q u a l i t y 
e s t u a r i n e water has been o b t a i n e d . 
3 . 3 . EXISTING STANDARDS 
DO s t anda rds or g u i d e l i n e s c u r r e n t l y prepared and in use for 
OK e s t u a r i e s a r e summarised in Table 1 . All f i v e a u t h o r i t i e s , 
whose p r o p o s a l s a r e g iven , r ecogn i se t h e importance of de f in ing 
t h e minimum c o n c e n t r a t i o n in terms of a lower p e r c e n t i l e , thus 
p e r m i t t i n g o c c a s i o n a l extreme v a l u e s . Only North West Water 
Author i ty (NWWA) have proposed an a b s o l u t e minimum (3 mg/1) . 
None of t h e s t a n d a r d s appears t o i nc lude a c l e a r d e f i n i t i o n 
of the o r i g i n of t h e samples t o be inc luded in t h e c a l c u l a t i o n , 
or of the t ime pe r iod t o be cons ide red . Presumably, t h e four 
Water Author i ty bod ies have cons idered t h e lower p e r c e n t i l e s t o 
be c a l c u l a t e d from da ta c o l l e c t e d throughout a year a t a 
p a r t i c u l a r sampling s i t e and a t a l l s t a t e s of t he t i d e . The 
EIFAC s t a n d a r d s a r e somewhat more e x p l i c i t and r e q u i r e t h a t the 
samples be t aken dur ing t h e "summer low-flow per iod in t h e zone 
of minimum d i s s o l v e d oxygen". However, even t h i s i s a r a t h e r 
vague d e f i n i t i o n . No requ i remen t s a r e s p e c i f i e d for depth or 
frequency of sampl ing. 
The four annual lower 9 5 - p e r c e n t i l e s t anda rds a r e a l l in 
r ea sonab l e agreement ( a t 5-6 mg/1) , except t h a t t h e 40% 
s a t u r a t i o n va lue proposed for t h e Humber could be as low as 2 .9 
mg/1 if app l i ed t o sea-water a t 20oc (an extreme p o s s i b i l i t y ) . 
Fur thermore , they a r e in broad agreement wi th the EIFAC proposa l 
which r e l a t e s t o a more r e s t r i c t e d sampling pe r iod dur ing t h e 
t ime of lowest DO. 
Only two p r o p o s a l s were made for a mean c o n c e n t r a t i o n , which 
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( i f t he v a r i a n c e of t h e DO d i s t r i b u t i o n i s cons t an t ) i s not 
s t r i c t l y neces sa ry . The EIFAC proposa l (5 mg/1) i s in r e a s o n a b l e 
agreement wi th t h e annual mean of 7 mg/1 proposed by NWWA. 
In a d d i t i o n t o t h e va lue given in Table 1 , Welsh Water 
Author i ty (WWA) proposes a 9 5 - p e r c e n t i l e s t anda rd of 7.5 mg/1 t o 
be a p p l i e d when ammonia c o n c e n t r a t i o n s a r e high f and a s p e c i a l 
s t anda rd of 6.5 mg/1 for t h e Usk Estuary which has an unusual 
n a t u r a l oxygen regime due t o t h e r e suspens ion of sediment . 
4 . DESCRIPTION OF THE SURVEY 
I n d i v i d u a l Water A u t h o r i t i e s , such as WWA, have used t h e i r 
own exper ience and a r ch ived da ta t o e s t a b l i s h and r e - e v a l u a t e 
oxygen s t a n d a r d s for a p p l i c a t i o n t o e s t u a r i e s under t h e i r 
c o n t r o l . Un t i l now, however, no a t t empt has been made t o c o l l a t e 
t h e i n fo rma t ion on a n a t i o n a l b a s i s . 
To c o l l e c t such in fo rma t ion , WRC c o n t a c t e d a l l WAs and RPBs 
dur ing 1982. That p r e l i m i n a r y survey was fol lowed up by f u r t h e r 
r e q u e s t s for s p e c i f i c in fo rmat ion from s e l e c t e d s o u r c e s . Table 2 
g i v e s a l i s t of t h e 64 r i v e r s for which da ta were provided and 
i n d i c a t e s t h e i r s t a t u s a s migra to ry f i s h e r i e s . 
The DO da ta r ece ived inc lude d e t a i l e d r e s u l t s of r egu l a r 
l o n g i t u d i n a l su rveys , s t a t i s t i c a l summaries of r o u t i n e sampling 
a t s p e c i f i c p o i n t s , e s t i m a t e s of mean c o n c e n t r a t i o n s and spo t 
measurements a t t imes of s p e c i f i c i n c i d e n t s such as s i g h t i n g s of 
l i v e f i s h or f i s h k i l l s . Most DO c o n c e n t r a t i o n s were quoted in 
u n i t s of mg/1, but some were in pe rcen t s a t u r a t i o n . As only a 
few of the l a t t e r inc luded cor responding v a l u e s of s a l i n i t y and 
t e m p e r a t u r e no a t t empt has been made t o conver t them t o a b s o l u t e 
u n i t s . 
Some a u t h o r i t i e s a l s o provided in fo rmat ion on t h e t iming of 
t h e main smolt and f i sh runs . 
5 . RESULTS 
5 . 1 . REPORTED OXYGEN CONCENTRATIONS 
In t h i s S e c t i o n , t h e DO da ta a r e summarised by type , t h e most 
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useful being those from spec i f ic s t a t i o n s which can be reduced to 
mean and lower 95-percent i le values . The r e su l t i ng s t a t i s t i c s 
are shown in Table 3a and graphical ly in Figure 2. Where data 
from several s i t e s along an estuary were ava i l ab le , the values 
given are for the s i t e with lowest DO concentrat ion. When 
considering these f igures i t i s important to note tha t , although 
some represent samples col lec ted during one year only, most are 
derived from much longer sampling per iods . The range of values 
i s ea s i e s t to see in Figure 2, where the lower values indicated 
by the hor izonta l bars (L) represent the lower 95-percen t i l es and 
the higher values (M) represent the means. Excluding for the 
moment the Clyde estuary which i s considered in more d e t a i l in 
Section 5 . 3 , the f igure shows t h a t a l l e s tua r i e s which maintain 
regular f i s h e r i e s (and for which no de le te r ious e f fec t s were 
reported) have minimum mean oxygen concentrat ions greater than 
8.2 mg/1 and t h a t the minimum lower 95-percent i le i s 4.4 mg/1. 
Similar ly , the e s tua r i e s to which salmon are beginning to 
re turn (Trent and Thames) and where occasional oxygen 
r e s t r i c t i o n s occur (Dsk and Ribble) have mean concentrat ions 
above 6.4 mg/1 and 95-percent i le values above 3 mg/1. The Tyne 
i s s t r a t i f i e d , and although the depth-averaged 95-percent i le 
value i s only 0.6 mg/1, i t i s possible tha t f ish are able to 
se lec t the depth containing the highest DO. If t h i s were the 
case then the re levant 95-percent i le value would be 2.5 mg/1. 
Yorkshire Water Authority (YWA) repor t tha t occasional smolt runs 
occur in the Ouse system, which has a lower DO than t h i s , but 
t h a t these do not seem to be very regular . 
No se l f - sus t a in ing f i s h e r i e s were reported from the r i ve r s 
Douglas, Mersey, Wampool or Waver. However, migrating salmonids 
do make runs in to the e s t u a r i e s of the Douglas and Mersey, but 
salmonid m o r t a l i t i e s , associated with poor water q u a l i t y , have 
a lso been reported. The absence of salmonid f i s h e r i e s from the 
Wampool and Waver systems may be due to the physical unsui ta-
b i l i t y of t h e i r t r i b u t a r i e s . 
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For some estuaries only mean values or extreme values have 
been reported, see Table 3b. These figures do not conflict with 
those in Table 3a. In addition, four authorities reported 
specific short term observations when fish were migrating (see 
Table 3c) . The values are given here for completeness, but will 
not be considered further as they are not intercomparable. In 
this table the DO concentrations given for observations of live 
fish in the Clyde RPB area are the lowest measured in the 
vertical profile, whereas those for negative effects are the 
highest DO observed over the depth. Data for the Forth and 
Thames estuaries have been averaged over all sampling stations. 
5 . 2 . TIMING OF MIGRATORY RONS 
Most a u t h o r i t i e s a l s o provided in fo rma t ion on t h e t iming of 
t h e main migra to ry runs; t h i s i s summarised in Table 4 . Many a l s o 
i n d i c a t e d t h a t salmon o f t e n r e t u r n throughout t h e y e a r . 
To ma in ta in a v i a b l e f i s h e r y , t h e main m i g r a t i o n p e r i o d s a r e 
obv ious ly t h e most c r i t i c a l t imes of yea r . However, for most 
e s t u a r i e s t h e s e runs co inc ide wi th t h e minimum f r e s h - w a t e r flow 
and h i g h e s t t empera tu re s and t h e r e f o r e wi th t h e lowest oxygen 
c o n c e n t r a t i o n s . This s i t u a t i o n i s d i s cus sed in r e l a t i o n t o t h e 
Clyde e s t u a r y . 
5 . 3 . CLYDE ESTUARY 
The Clyde Estuary (F ig . 3) i s p a r t i c u l a r l y i n t e r e s t i n g 
because , a l though the River Clyde i t s e l f does not suppor t a 
mig ra to ry f i s h e r y , t h e most seaward t r i b u t a r y t o t h e e s tua ry ( t he 
River Leven) has e x c e l l e n t salmonid r u n s . Salmon a r e a l s o 
r e t u r n i n g t o another t r i b u t a r y , t h e River Gryfe.. 
The Leven j o i n s t h e main e s t u a r y 23.4 km below t h e t i d a l weir 
i n Glasgow, and t h e Gryfe i s a t r i b u t a r y of the River Cart which 
j o i n s t h e Clyde 11.4 km below t h e we i r . In t h e main e s tua ry the 
lowes t dep th-averaged oxygen c o n c e n t r a t i o n occurs a t or s l i g h t l y 
upstream of t h e R. Car t conf luence . 
Clyde RPB (CRPB) has provided r e g u l a r survey da ta from along 
t h e c e n t r a l channel of t he main e s t u a r y for 1980 and 1981. These 
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have been analysed in an attempt to ident i fy the condit ions which 
permit the existence of these two f i s h e r i e s . I n t e rp re t a t i on of 
the data i s complex because: 
(a) Surveys were made a t low water only and allowance has to be 
made for the t i d a l excursion (of between 6.5 and 9.5 km); 
(b) The estuary i s s t r a t i f i e d and the oxygen concentrat ion i s not 
constant over the depth. Deoxygenated water often l i e s over 
water containing a reasonable concentrat ion of oxygen, and 
vice versa ; 
(c) There i s a complex of channels in the lower estuary and 
measurements in the cent ra l channel may not be represen ta t ive 
of the whole c ross - sec t ion . 
Nevertheless, some conclusions can be drawn from the data, 
and the complexity of the ana lys i s emphasises the d i f f i c u l t y of 
applying simple water qua l i ty standards to e s t u a r i e s . 
5 . 3 . 1 . Leven f ishery 
CRPB s t a t e t ha t there have been no observed f ish k i l l s e i the r 
in the Leven or in the main estuary downstream of i t s confluence 
and t h a t t h i s zone meets the Royal Commission recommendations. 
An i n i t i a l s imp l i s t i c ana lys i s of the survey data gives the 
values quoted in Table 3 and Figure 1. These are the annual 
means and lower 95-percen t i l e s of the depth-averaged concentra-
t ions observed a t the confluence on the rout ine low-water surveys 
for 1980 and 1981. The values are c l ea r ly much lower than those 
observed in other e s t u a r i e s supporting salmonid f i s h e r i e s . 
Two poss ib le reasons for the f ree passage of salmonids under 
these condit ions are the physical c h a r a c t e r i s t i c s of the estuary 
and the seasonal va r i a t ion in oxygen concentrat ion. Data from 
1980, the year in which lowest oxygen concentrat ions occurred, i s 
used to i l l u s t r a t e these processes . 
F i r s t l y , f ish may pass between the Leven estuary and the main 
channel a t any phase of the t i d e . The oxygen concentrat ions to 
consider are therefore a l l those between high and low water a t 
the confluence. Due to t i d a l excursion, these are equivalent to 
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a l l those observed in the main channel between 23.4 and (at most) 
32.9 km seaward of the t i d a l weir in Glasgow during the low-water 
surveys. The annual mean and 95-percent i le values for t h i s reach 
were 6.8 mg/1 and 2.9 mg/1 respec t ive ly , somewhat higher than 
those for samples taken a t the confluence only. These values 
demonstrate t ha t be t t e r qua l i ty water i s ava i lab le for passage of 
f ish when considering a l l t i d a l s t a t e s . 
However, even over the e n t i r e reach the 95-percent i le i s low 
and ind ica tes t ha t low oxygen concentrat ions occur during a 
s ign i f i can t proport ion of the year . I t i s therefore important to 
consider the concentrat ions during the c r i t i c a l periods of the 
main f ish runs. 
In the Leven (Table 4) the main smolt run occurs between 
April and June and adul t salmon migrate upstream between February 
and May. During the period of the smolt run in 1980, the mean 
and 95-percent i le values of the reach between 23.4 km and 32.9 km 
were 6.5 mg/1 and 2.8 mg/1, respec t ive ly . For the period of 
salmon migration the equivalent f igures are 7.2 mg/1 and 4.3 
mg/1. Only one survey was conducted during the sea - t rou t run in 
June so the re levant s t a t i s t i c s cannot be ca lcula ted . 
Water qua l i t y during the period of salmon migration i s 
obviously b e t t e r than tha t for the smolt run. This in turn gives 
an ind ica t ion of the lower concentrat ions a t which a healthy 
f ishery can be maintained. 
Nevertheless, i t i s important to note tha t two fac tors have 
not been taken in to account in the above ana lys i s . There may 
have been b e t t e r qua l i ty water in the side channels of the main 
Clyde estuary and, due to s t r a t i f i c a t i o n , water containing a t 
l e a s t 3.7 mg/1 of dissolved oxygen was always present throughout 
the reach a t some depth within the v e r t i c a l p r o f i l e . Fish may 
therefore have been able to se lec t migration routes which avoided 
the lowest oxygen concentra t ions . If t h i s were the case and if 
smolts always chose the depth a t which maximum DO occurred, then 
they would have encountered water with a mean DO of 7.3 mg/1 and 
a 95-percen t i l e of 4.6 mg/1. 
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5 . 3 . 2 . Gryfe f i s h e r y 
S imi la r arguments and methods of da ta a n a l y s i s t o those 
d e s c r i b e d for t h e Leven apply t o t h e Gryfe . For t h i s t r i b u t a r y 
t h e water in t h e main e s t u a r y which p a s s e s t h e confluence dur ing 
a t i d a l cyc l e can be approximate ly equated with t h a t between 13.8 
km and 23.4 km downstream of the t i d a l weir a t low-water . 
The depth averaged mean and lower 9 5 - p e r c e n t i l e v a l u e s dur ing 
1980 for t h i s body of water were 5.5 mg/1 and 0.03 mg/1, 
r e s p e c t i v e l y . For t h e salmon m i g r a t i o n pe r iod they were 5,6 mg/1 
and 0.9 mg/1; and dur ing t h e smolt run they were 3.6 mg/1 and 0.0 
mg/1 . At a l l t imes dur ing t h e smolt m i g r a t i o n t h e r e was water 
wi th a t l e a s t 1.5 mg/1 of oxygen a t some depth in a l l p a r t s of 
t h e r each . If t h e smolt were a b l e t o s e l e c t t h e i r r ou t e through 
t h e r each , always choosing water wi th t h e h i g h e s t oxygen 
c o n c e n t r a t i o n , then in f a c t they would have encountered water 
wi th a mean concen t r a - t i o n of 5 .1 mg/1 and 9 5 - p e r c e n t i l e of 1.0 
mg/1 . 
These c o n c e n t r a t i o n s a r e a l l ext remely low, y e t a new f i s h e r y 
with r e g u l a r runs i s becoming e s t a b l i s h e d . 
6 . DISCOSSION 
In t h i s s e c t i o n t h e observed minimum DO c o n c e n t r a t i o n s in 
e s t u a r i e s p e r m i t t i n g t h e m i g r a t i o n of salmon a r e compared wi th 
p r ev ious s t u d i e s and wi th t h e proposed r e g i o n a l s t a n d a r d s . The 
r e s u l t s from the Clyde a r e not inc luded in t h e d i s c u s s i o n because 
of t h e d i f f i c u l t y in i n t e r p r e t a t i o n of the d a t a . However, t h e 
da ta from the Clyde sugges t t h a t salmon and smolt a r e capable of 
a c t i v e l y avoiding water in which low DO c o n c e n t r a t i o n s do occur 
i f a l t e r n a t i v e , b e t t e r q u a l i t y , water i s a v a i l a b l e . This i s 
suppor ted by p r e l i m i n a r y tagging work on t h e Ribble e s t u a r y ( 6 ) . 
6 . 1 . COMPARISON WITH PREVIOUS DATA 
The c o n c e n t r a t i o n s a t which n e g a t i v e e f f e c t s have been 
observed t o occur , in l a b o r a t o r y or r e s t r i c t e d f i e l d s t u d i e s , a r e 
not s t r i c t l y comparable t o t h e con t inuous ly vary ing 
c o n c e n t r a t i o n s normally found in t h e environment . However, i t i s 
r e a s o n a b l e t o compare such v a l u e s wi th t h e minimum lower 
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9 5 - p e r c e n t i l e s of t h e observed c o n c e n t r a t i o n s in e s t u a r i e s wi th 
f i s h e r i e s . 
The two f i e l d s t u d i e s quoted in Sec t ion 3.2 i n d i c a t e t h a t DO 
c o n c e n t r a t i o n s of a t l e a s t 4 . 5 - 5 . 0 mg/1 permit t he f r e e passage 
of migra tory sa lmonids . This va lue i s comparable with the 
minimum lower annual 9 5 - p e r c e n t i l e c o n c e n t r a t i o n of 4.4 mg/1 
observed in UK e s t u a r i e s suppor t ing r e g u l a r f i s h e r i e s . 
Presumably a t lower c o n c e n t r a t i o n s t h e a b i l i t y of salmon t o 
n e g o t i a t e an e s t u a r y i s reduced but i s not p reven ted , provided of 
course t h a t t h e l e t h a l l i m i t i s not reached . On t h e b a s i s of 
l a b o r a t o r y s t u d i e s (Sec t ion 3.1) t h i s lower l i m i t i s about 2.5 
mg/1 . Th i s , in t u r n , i s in r e a s o n a b l e agreement wi th t h e minimum 
9 5 - p e r c e n t i l e of 3.0 mg/1 for e s t u a r i e s where f i s h e r i e s a r e 
beginning t o recover or exper ience occas iona l d e l e t e r i o u s 
e f f e c t s . 
6 . 2 . COMPARISON WITH PROPOSED ENVIRONMENTAL QUALITY STANDARDS 
Standard c o n c e n t r a t i o n s of d i s s o l v e d oxygen have been 
proposed by some r e g u l a t o r y agenc i e s (see Table 1) t o ma in ta in 
r e g u l a r migra to ry salmonid f i s h e r i e s in OK e s t u a r i e s . These 
s t a n d a r d s range between 5 and 6 mg/1 as minimum annual 95-
p e r c e n t i l e s and c o r r e l a t e with observed d i s s o l v e d oxygen l e v e l s 
i n most UK e s t u a r i e s suppor t ing salmonid f i s h e r i e s . Only one 
e s t u a r y has a lower observed 9 5 - p e r c e n t i l e d i s s o l v e d oxygen 
c o n c e n t r a t i o n t h a t i s t h e Tawe e s t u a r y in Wales; where t h e lower 
9 5 - p e r c e n t i l e c o n c e n t r a t i o n i s 4.4 mg/1. Desp i te t h i s a s t andard 
of 5 mg/1 as a lower 9 5 - p e r c e n t i l e c o n c e n t r a t i o n of d i s s o l v e d 
oxygen i s sugges ted a s a g u i d e l i n e s t andard t o p r o t e c t migra tory 
salmonid f i s h e r i e s g iven t h e v a r i a t i o n in p h y s i c a l and chemical 
c o n d i t i o n s between i n d i v i d u a l e s t u a r i e s . 
At lower c o n c e n t r a t i o n s a reduced m i g r a t i o n or occas iona l 
f i s h k i l l s may occur . However, t h e minimum 9 5 - p e r c e n t i l e 
r e q u i r e d t o permi t t h e l i m i t e d m i g r a t i o n of salmonids i s 
approximate ly 3.0 mg/1, which equa l s t h e a b s o l u t e minimum 
sugges ted by NWWA i n d i c a t i n g t h a t t h e l a t t e r va lue may be 
somewhat h igh . Data for t h e Clyde, Tyne and Ouse sugges t t h a t a 
lower va lue may be a c c e p t a b l e in s t r a t i f i e d e s t u a r i e s , which 
o f fe r p o t e n t i a l a l t e r n a t i v e migra to ry pathways a t h igher DO 
c o n c e n t r a t i o n s . 
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As seen from t h e d i s c u s s i o n of the DO regime in t h e Clyde 
e s t u a r y , t h e s e s t a n d a r d s must be a p p l i e d with c a r e . F u r t h e r -
more, i t i s l i k e l y t h a t , as in t h e case of the Usk, l o c a l 
e x c e p t i o n s w i l l o c c a s i o n a l l y be r e q u i r e d . S i m i l a r l y , t h e 
p resence of o the r p o l l u t a n t s may r e q u i r e h igher DO c o n c e n t r a t i o n s 
i f salmonid m i g r a t i o n s a r e t o be ma in ta ined . 
In a d d i t i o n , even wi th a 9 5 - p e r c e n t i l e va lue of 5 or 6 mg/1 
i t i s s t i l l p o s s i b l e t h a t t h e DO c o n c e n t r a t i o n w i l l o c c a s i o n a l l y 
be i n s u f f i c i e n t t o permi t t h e passage of sa lmonids . Such a 
s t a n d a r d w i l l t h e r e f o r e not meet t h e recommendation of the Royal 
Commission which i s " to a l low passage . . . a t a l l s t a t e s of t h e 
t i d e " . However, t h e s t andard should meet t h e impl ied 
recommendation t h a t an e s t u a r y ought t o be of s u f f i c i e n t q u a l i t y 
t o ma in t a in a hea l t hy migra tory salmonid f i s h e r y . 
7 . RECOMMENDATIONS 
1. In respect of salmonid migrat ions, the EQO applied in 
p rac t i ce to an estuary may be defined as the a b i l i t y to 
maintain a good qua l i t y migratory salmonid f i she ry . 
2 . The EQS for most e s t u a r i e s should be tha t 95% of samples 
should have DO concentrat ions in excess of 5 mg/1 a t the 
sampling s t a t i on recording the minimum annual 95-percent i le 
concentra t ion. 
3 . A lower EQS of 3.0 mg/1 DO as a minimum 95-percent i le 
concentrat ion should enable the establishment of a more 
l imi ted f i shery , with r e s t r i c t e d migrat ion. 
4 . Where abnormally low oxygen condit ions occur na tu ra l ly , or 
where other toxic p o l l u t a n t s are present , a more s t r ingen t 
standard may be necessary. 
5 . In e s t u a r i e s where several a l t e r n a t i v e migration routes a re 
ava i l ab l e to the f i sh , se lec t ion of sampling pos i t ions and 
depth may be c r i t i c a l in assessing both compliance with a 
loca l EQS and the v i a b i l i t y of the salmonid migrat ion. 
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Table 1 Prooosed standards for dissolved oxygen concentration in estuaries for the Protection of migratory satmoniu fisheries. 
Table 2. Rivers for which data have been received 



















Highland RPB Cromarty Firth 
Regular salmonid runs from the 
mouth to 23.4 km (confluence of 
the R Leven) . A recovering 
salmonid run from 23.4 to 11.4 
km (confluence of the R Cart) . 
No run upstream of 11.4 km (R 
Kelvin to R Clyde) 
Regular fishery 
Salmon and sea trout fishery 
No salmonid run 
A recovering salmonid run 
Salmonid fishery 
Salmon and sea trout in estuary 
only, river has low DO 
Poor for salmonids, the river is 
polluted 
Poor for salmonids, due to low 
river flows 
No salmonids, polluted river 
Good migration, but restricted 
due to low DO in river during 
August and September 
Reasonable fishery in S Esk, but 
the N Esk is polluted 
Poor for salmonids, the river is 
polluted 
Poor for salmon due to physical 
obstruction 
Very good for sea trout, with 
occasional DO problems 
Good runs of salmon and sea 
trout 
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Table 2 ( con t ' d ) 
Source of 
da t a River Comments 
Inve rness F i r t h 
N i t h F i s h i n g s 
Improvment 





N i t h 
Earn 
South Esk 
















Good runs of salmon and sea 
t r o u t 
Exce l l en t runs of salmon and sea 
t r o u t 
Sea t r o u t f i s h e r y 
Exce l l en t runs of migratory 
salmonids 
Salmon f i s h e r y 
Exce l l en t runs of migratory 
salmonids 
Salmon f i s h e r y 
Sea t r o u t and some salmon 
Major salmon f i s h e r y 
Salmon and sea t r o u t f i s h e r y 
Sea t r o u t f i s h e r y 
Sea t r o u t f i s h e r y 
Sea t r o u t f i s h e r y 
Sea t r o u t f i s h e r y 
Major salmon and sea t r o u t 
t r o u t f i s h e r y 
f i s h e r y 
Smal1 sea 
impr ov ing 
Sea t r o u t f i s h e r y 
Important salmon f i s h e r y , 
occas iona l problems 
Exce l l en t salmon f i s h e r y 
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T a b l e 2 ( c o n t ' d ) 
Source of 
d a t a R ive r Comments 
ENGLAND 
Northumbrian Tyne Salmon f i she ry 
WA 
North West WA Derwent Salmon f i s h e r y 
Douglas No f i s h e r y , occas iona l f i sh 
m o r t a l i t i e s 
Duddon Salmon f i she ry 
Eh en Salmon f i s h e r y 
Kent Salmon f i s h e r y 
Leven Salmon f i she ry 
Lune Salmon f i s h e r y 
Mersey No f i s h e r y (Very o c c a s i o n a l l y 
dead f i s h in e s tua ry ) 
Ribble Salmon f i s h e r y 
Sol way F i r t h Salmon f i s h e r y 
Wampool No f i s h e r y 
Waver No f i s h e r y 
Wyre Salmon f i she ry 
Severn Tren t Tren t I nc r ea s ing numbers of salmon 
WA found 
Southern WA Adur S m a l l / f a i r migra tory f i s h run 
Arun Good migra tory f i s h run 
Grea t Stour S m a l l / f a i r migra tory f i s h run 
I t chen Good migra tory f i s h run 
Medway No migra tory f i s h run known 
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Table 2 (cont'd) 
Source of 















Good migra tory f i sh run 
S m a l l / f a i r migra tory f i s h run 
Sea t r o u t f i s h e r y 
Salmonid f i s h e r y 
Good migra tory f i s h run 
Run of migra tory salmonids 
Run of migratory salmonids 
Run of migratory salmonids 
Run of migratory salmonids 
Salmon f i s h e r y 
F i r s t good r e t u r n of salmon in 
Good salmonid runs Esk 
Ouse t r i b u t a r i e s : 
Ai re No f i s h e r y 
Derwent Occasional spawning 
Don No f i s h e r y 
Ure Occasional spawning 
Wharfe Occasional spawning 
NOTES: (1) D i s t a n c e s a r e from the t i d a l weir in Glasgow 
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Table 3. Reported oxygen concentrations and effects 
a). Means ami lower 95-percenti1es 
fable 3a cent i nusd 
T a b l e 3 a - c o n t i n u e d 
Table 3. continued 
b ) . cleans and extreme values 
Table 3. continued 
c). Reported incidents 
Table A Reported tiding of major fish runs 
Table A (cant.) Reoorted timinp of najor fish runs 
Figure 1. Vertical profiles of dissolved oxygen concentration 
(per cent saturation) in the Clyde Estuary, ooserved during 
routine LW surveys at the confluence of the R. Leven, 1981. 
(Provided by CRPb). 
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Figure 2. Reported minimum oxygen concentrations* showing annua? means (M) and lower 9!>-oercent i I es (LJ. 
Figure 2.(cont.) Reported minimum oxygen concentrations, showing annual means (M) and lower 95-percentiles (L). 
Figure 3. Mao of the Clyde tstuary 
(showing the positions of the R. Leven and R. Gryfe 
in relation to the tidal weir in Glasgow) 
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APPENDIX A CONVERSION TABLES FOR THE SOLUBILITY OF, OXYGEN IN 
WATER AT VARIOUS SALINITIES 
PREPARED BY J GARDINER, WRC 
Table 1.1. Solubility of oxygen In water at various salinities arid at normal temperatures from ait saturated 
with water vapour at a pressure of 1 atmosphere. 








